In seasonal animals, prolonged exposure to constant photoperiod induces photorefractoriness, causing spontaneous reversion in physiology to that of the previous photoperiodic state. This study tested the hypothesis that the onset of photorefractoriness is correlated with a change in circadian expression of clock genes in the suprachiasmatic nucleus (circadian pacemaker) and the pars tuberalis (PT, a melatonin target tissue). Soay sheep were exposed to summer photoperiod (16-h light) for either 6 or 30 wk to produce a photostimulated and photorefractory physiology, and seasonal changes were tracked by measuring the long-term prolactin cycles. Animals were killed at 4-h intervals throughout 24 h. Contrary to the hypothesis, the 24-h rhythmic expression of clock genes (Rev-erb␣, Per1, Per2, Bmal1, Cry1) in the suprachiasmatic nucleus and PT reflected the ambient photoperiod/melatonin signal and not the changing physiology. Contrastingly, the PT expression of ␣-glycoprotein hormone subunit (␣GSU) and ␤TSH declined in photorefractory animals toward a short daylike endocrinology. We conclude that the generation of longterm endocrine cycles depends on the interaction between a circadian-based, melatonin-dependent timer that drives the initial photoperiodic response and a non-circadian-based timer that drives circannual rhythmicity in long-lived species. Under constant photoperiod the two timers can dissociate, leading to the apparent refractory state. (Endocrinology 146: 3782-3790, 2005) M ANY MAMMALS USE the predictability of the annual cycle in day length to synchronize long-term rhythms in physiology and behavior to the seasonal environment. This is achieved through a specialized sensoryneuroendocrine mechanism wherein retinal photoreception is transduced into a nycthemeral pattern of melatonin secretion (1). Light regulates the melatonin rhythm in two ways: first by synchronizing a circadian pacemaker in the suprachiasmatic nucleus (SCN) that controls the activity of the pineal gland and second by acute inhibition of melatonin production. The duration of melatonin secretion then provides an endocrine index of night length and thus day length.
M
ANY MAMMALS USE the predictability of the annual cycle in day length to synchronize long-term rhythms in physiology and behavior to the seasonal environment. This is achieved through a specialized sensoryneuroendocrine mechanism wherein retinal photoreception is transduced into a nycthemeral pattern of melatonin secretion (1) . Light regulates the melatonin rhythm in two ways: first by synchronizing a circadian pacemaker in the suprachiasmatic nucleus (SCN) that controls the activity of the pineal gland and second by acute inhibition of melatonin production. The duration of melatonin secretion then provides an endocrine index of night length and thus day length.
Melatonin target tissues interpret the changes in the nightly melatonin signal to time seasonal physiology to the annual photoperiodic cycle. Long duration melatonin signals promote a winter physiology and short duration signals promote a summer physiology. This has been elegantly demonstrated in pinealectomized hamsters and sheep in which melatonin is replaced via programable infusions pumps, and infusion duration varied to activate the two types of seasonal physiology (2) . The effects of photoperiod/melatonin on diverse aspects of seasonal physiology (e.g. reproduction, body weight, pelage molt) are believed to be mediated by melatonin receptors expressed in a range of different neural, pituitary, and possibly peripheral target cells (3) .
An important feature of the seasonal timing mechanism is its capacity to monitor photoperiodic history. This is particularly evident at the spring and autumn equinoxes when seasonal mammals have a different physiology, despite the photoperiod and the associated melatonin signal, being the same at the two times of year. Analysis of this phenomenon has led to the characterization of a process known as photorefractoriness, whereby animals held on constant photoperiod undergo spontaneous reversion in physiology to a state associated with the opposite photoperiod (4 -7) . In seasonal rodents, exposure to prolonged short photoperiod (SP) causes gonadal regression and the development of a winter phenotype over an interval of about 12 wk, and this is followed by a progressive and regulated recovery back to a summer physiology within a further period of 12-20 wk, with no change in the prevailing photoperiod. This SP refractory response permits animals in the natural winter environment to reactivate physiology in anticipation of spring, without the requirement for the stimulus of long photoperiod (LP) (4) .
In longer-lived species (e.g. ground squirrels, mustelids, sheep, and deer), exposure to a fixed LP can also cause refractoriness and reversion to a winter-like physiology, and when the photoperiod is held constant for a sufficiently long period, these animals express alternating transitions in seasonal physiology every 10 -12 months as an endogenous circannual rhythm (8 -13) . Because the dynamics of the physiological changes during the development of photorefractoriness and during the onset of circannual rhythms are similar and can be revealed by exposure to constant photoperiod, it is likely that they share common underlying control mechanisms (3, 14) . These phenomena indicate that the photoperiod/melatonin signaling mechanism represents a means of initiating or synchronizing intrinsic long-term processes to the external seasonal environment, rather than merely a means of directly driving physiological transitions.
The anatomical level at which photorefractoriness develops and the mechanisms involved are important and unresolved issues in the study of seasonal time keeping. Refractoriness does not appear to develop at the level of melatonin synthesis by the pineal gland because several studies demonstrate that the melatonin signal continues to faithfully reflect photoperiod in photorefractory animals (15) (16) (17) . Moreover, treatment with a standardized daily infusion of melatonin induces refractoriness in sheep after several months (18) , as does treatment with constant-release implants of melatonin (19, 20) . Studies on tissue responsiveness to melatonin have focused on the pituitary pars tuberalis (PT) because of its high expression of type one melatonin receptors (MT 1 ) and because it can be studied in vitro as well as in vivo (21, 22) . The principal second messenger response to melatonin, the inhibition of cAMP synthesis, does not change in the PT of SP-refractory Siberian hamsters (23) , and such animals continue to express SP patterns of cAMP-regulated gene expression (17) . Contrastingly, prolactin-associated responses in the PT do change during SP refractoriness. This includes the reactivation of ␣-glycoprotein subunit (␣GSU) gene expression (24) and an increase in prolactin releasing activity (17) . Hence, it appears that photorefractoriness develops in melatonin-responsive tissues, unrelated to a change in the primary melatonin response.
It has been proposed that photoperiodic information processing in the PT depends on the modulation of circadian clock gene expression by melatonin. Melatonin directly stimulates the expression of Cry1 in the PT of sheep and rodents, and this results in a peak of Cry1 expression in the PT shortly after dark onset (25, 26) (our unpublished observations). Additionally, melatonin withdrawal at dawn, coupled with the adenylate cyclase sensitizing effects of prolonged melatonin exposure during the night (27, 28) , induces a cAMP stimulated peak of Per1 expression in the morning. These actions of melatonin thus provide a decoding mechanism whereby photoperiod may dictate PER/CRY protein complex formation to control PT transcriptional output (29) . Furthermore, photorefractoriness may develop due to a progressive change in the circadian pattern of PT clock gene expression occurring independently of the melatonin signal (3). In one study in SP-refractory hamsters, the morning peak in Per1 expression in the PT remained suppressed as in SPresponsive animals, which appears to contradict this hypothesis (17) ; however, gene expression in peripheral tissues reverted spontaneously to a high amplitude, LP-like rhythmic pattern (30) .
Based on these considerations, we analyzed mRNA for multiple clock genes (Rev-erb␣, Per1, Per2, Bmal1, and Cry1) in the PT, as well as in the SCN, of LP and LP-refractory Soay sheep. The clock genes were selected to represent the positive and negative feedback elements of the circadian clock (31) and because Cry1 expression in the PT has been shown to be activated by melatonin at the onset of darkness (25) . The prediction was that if photorefactoriness results from a dissociation between the melatonin signal and clock genes rhythms, the amplitude and/or relative phasing of clock gene expression in the PT would differ significantly between LP and LP-refractory animals. We measured the long-term changes in prolactin secretion as an endocrine response regulated by the PT (16, 20, 21, 25) . We also measured the expression of ␣GSU, ␤TSH, vascular endothelial growth factor (VEGF), and VGF as markers of PT function (24, (32) (33) (34) . The prediction was that RNA abundance for one, or more, of these PT genes would decline in LP-refractory sheep in parallel with the spontaneous decline in prolactin secretion associated with photorefractoriness.
Materials and Methods

Animals and routine measurements
Experiments were conducted in accordance with the U.K. Animals (Scientific Procedures) Act of 1986. The Soay sheep were obtained from specialist breeders in Scotland (35) . The animals were housed in lightsealed rooms in single-sex groups and fed a standardized diet of grass pellets (500 g/animal, Vitagrass, Cumbria, UK) given daily 1 h into the light phase. There was free access to hay and water. White florescent strip lights provided approximately 160 lux at the animals' eye level during the light phase. Dim red light (Ͻ5 lux) was provided during the dark phase. Daily locomotor activity was recorded continuously on a group basis using infrared sensors coupled to a Mini Mitter VitalView system (Sunriver, OR) (35) .
The long-term changes in physiology were followed by measuring the changes in circulating concentrations of prolactin in blood samples collected from the jugular vein twice weekly from representative animals (12/group; six female and six male). Samples were placed in heparinized tubes and the blood plasma separated by centrifugation within 30 min and stored at Ϫ20 C until used for the hormone assay. In the males, changes in testis size and pelage molt were routinely monitored (35) .
Experimental design
Forty-eight pubertal Soay sheep, 8 months old at the start of the study, were brought indoors in midwinter (December) and preconditioned to short days (8-h light, 16-h darkness). Zeitgeber time (ZT) 0 was taken as time of lights on throughout; light changes were achieved by altering the time of lights-out by 8 h. After 8 wk, all animals were switched to long days (16-h light, 8-h darkness) to commence the experiment. One treatment group (n ϭ 24, 18 females, six males) was exposed to long days for 12 wk, followed by short days for 12 wk, and finally returned to long days for 6 wk to produce photoresponsive animals in which prolactin secretion was predicted to be increasing due to the long-day photoperiod (LP group). The second treatment group (n ϭ 24; 18 females, six males) was studied in parallel and remained on long days for the full 30 wk of the experiment. This was predicted to produce photorefractory animals in which prolactin secretion was spontaneously decreasing due to the prolonged long photoperiod treatment (LP-R group).
One week before the end of the experiment, when all animals were under long days, blood samples were collected hourly for 24 h from 12 animals/group (same animals as used for the routine sampling) to measure the daily melatonin rhythm. For the frequent sampling, the animals were fitted with a cannula placed in the jugular vein on the day before study, kept patent with heparinized 0.9% saline, and blood samples were collected from a three-way tap to avoid disturbance. Blood samples (3 ml) were separated and the plasma stored as for the routine samples.
At the end of the study, batches of animals (three females and one male) were killed by an injection of pentobarbitone at 4-h intervals (n ϭ 4/time point) over 24 h, starting at ZT 11. The hypothalamus and upper pituitary gland tissue was removed as a single block from the skull within 10 min of death, snap frozen in isopentane and dry ice at Ϫ30 C, and stored at Ϫ80 C until analyzed for mRNA. Material from the complete group was frozen within 40 min of the ZT target time, and the photoperiod in the two treatments was staggered by 1 h to facilitate the sampling.
Additional material
Frozen PT tissues from Soay sheep exposed to SP and LP for 6 wk (29) were also used for comparison with the current LP and LP-R groups. These tissues had been collected from similar aged animals at the same six clock times across 24 h (n ϭ 4/time point) and were stored at Ϫ80 C.
In situ hybridization and scanning densitometry
Coronal cryosections (20 m) through the SCN and PT were prepared in advance, thaw mounted onto glass slides in sequential order, and stored at Ϫ80 C. Expression of the clock genes Rev-erb␣, Per1, Per2, Bmal1, and Cry1 in the PT and SCN was analyzed by radioactive in situ hybridization using homologous RNA probes for Per1, Per2, Bmal1, and Cry1, as described previously (29) . The Rev-erb␣ probe was based on the murine sequence (36) and was generously supplied by Professor Ueli Schibler, University of Geneva, Switzerland. Sections were hybridized overnight at 60 C with 5 ϫ 10 5 cpm of probe per slide and the next day subjected to RNase A digestion and stringency washes in sodium citrate buffer to remove nonspecific probe hybridization. Slides were then dehydrated in graded ethanol solutions and exposed to autoradiographic film (Biomax; Kodak, Sigma UK, Poole, Dorset, UK) initially for 5 d. Exposure duration was then optimized for each gene by repeat film exposures, depending on labeling intensity in the SCN and PT regions; these ranged from 2 (cry1) to 10 (VGF) d. Films were scanned on an 1640XL transmittance scanner (Epson UK, Hemel Hempstead, Hertfordshire, UK), with OD standards and background subtracted; calibrated OD measurements of gene expression in the SCN and PT were performed using NIH-Image. All analyses were performed blind to treatment identity.
The expression of a range of genes associated with physiology in the PT were also studied by in situ hybridization on the residual cryosections of PT; these were ␣GSU and ␤TSH (32), VEGF (33) , and VGF (34) . The ␣GSU and ␤TSH probes were based on the rat sequences, the VEGF probe on the caprine sequence and the VGF probe on the Siberian hamster sequence. These probes were generously provided by Chin and colleagues (37), Klosen et al. (38) , Redmer et al. (39) , and Barrett et al. (34) , respectively. To provide better resolution of PT histology, ␣GSU and ␤TSH expression was visualized by digoxigenin (DIG)-based in situ hybridization as described previously (40) . This was performed in animals from the LP and LP-R groups only at ZT 3 due to the limited supply of tissue.
Endocrine assays
The concentration of prolactin in the weekly blood plasma samples was measured by a standardized RIA validated for ovine plasma (41) . The assay had a lower limit of detection of 0.5 ng/ml plasma and intraand interassay coefficients of variation (CVs) of 7.0 and 9.5%, respectively, based on five assays. Melatonin concentrations in the hourly blood samples were measured by RIA (42) using a commercial antibody (PF-1288; SPI-BIO, Paris, France). The sensitivity of the assay was 5.0 pg/ml plasma and the assay CVs were less than 15%.
Statistics
Quantified gene expression and plasma hormone concentrations were analyzed for effects of treatment (LP, compared with LP-R group) and time (week of study or time of day) by two-way ANOVA, with post hoc comparisons using Bonferroni's test. For the 24-h melatonin profiles, the period of melatonin secretion was calculated for each animal defined by the number of consecutive hourly samples with melatonin concentrations greater than the basal values by intraassay CV ϫ 2. The duration and peak concentrations of melatonin for the LP and LP-R groups and other single point parameters were compared by Student's t test. Locomotor activity patterns were measured on a group basis only and representative, double-plotted actograms covering a total 24 wk (wk 6 -30 of the experiment) are presented using the Mini Mitter software (VitalView) for LP and LP-R groups (see Fig. 2 ).
Results
Generation of a photorefractory physiological state
Prolactin secretion, pelage molt, and gonadal activity. The two lighting regimens induced the predicted long-term changes in prolactin secretion in the sheep (Fig. 1A) . The initial exposure to LP caused a progressive (approximately 20-fold) increase in plasma prolactin concentrations over the first 10 wk. There was an associated pelage molt in all animals. In the LP group, the switch to SP suppressed prolactin concentrations until wk 24, when the second exposure to LP reactivated the prolactin axis. At the termination of the study, prolactin concentrations in LP animals were rapidly increasing and all animals were reinitiating a second pelage molt. In the LP-R group, the prolonged exposure to long days produced activation, followed by a progressive decline in prolactin concentrations from wk 10 until the end of the study, although concentrations always remained above SPsuppressed values (Fig 1A) . There was no synchronous second pelage molt in the LP-R group. The statistical analysis demonstrated a significant (P Ͻ 0.001, two-way ANOVA) group ϫ time interaction; plasma prolactin concentrations were significantly different between the LP and LP-R groups from 14 to 30 wk of the study, except for the time of crossover at wk 28 (Fig. 1A) .
In the male animals at the end of the study, testis size was decreasing in the LP group (consistent with long-day-induced inhibition of the reproductive axis) and increasing in the LP-R group (consistent with the development photorefractoriness for the reproductive axis). This was reflected by differences in testis weight between groups at wk 30 (testis weight: 86.9 Ϯ 4.3 and 126.1 Ϯ 9.5 g for the LP and LP-R groups, respectively; P Ͻ 0.001, Student's t test). Overall, these data demonstrate that the LP and LP-R groups were in clearly distinct photostimulated and photorefractory states at wk 30 when tissues were collected at postmortem (PM, Fig. 1A ).
Endocrine expression in the PT. DIG-labeled in situ hybridization revealed the presence of ␣GSU and ␤TSH mRNA throughout the ovine PT (Fig. 1B) . In the case of ␣GSU, a scattered minority (less than 5%) of all labeled cells showed particularly intense expression and were variably present in all tissue sections analyzed (Fig. 1B, top panel) . There was no corresponding subgroup of cells seen in sections stained for ␤TSH (Fig. 1B, bottom panel) . The overall density of the hybridization signal for ␤TSH was consistently increased in the LP compared with the LP-R animals (Fig. 1B, lower panel) .
Radioactive in situ hybridization analysis of PT ␣GSU mRNA levels in tissues from the previous study in LP and SP acclimatized sheep demonstrated that the expression of ␣GSU is photoperiod dependent, with levels under SP being approximately half of those seen under LP (P Ͻ 0.001, twoway ANOVA) (Fig. 1C, top panel) . In the present study animals, ␣GSU expression was found to be time dependent in the LP-R but not the LP animals (P Ͻ 0.001 for treatment ϫ time interaction). In the LP-R group, expression levels in the midlight phase were indistinguishable from those in LP animals, but expression declined from this point forward to the following morning. This produced a reduction in mean levels of ␣GSU expression of about 40% in LP-R animals, compared with LP controls (P Ͻ 0.001, effect of treatment); values remained above those in the SP treatment (LP-R, compared with SP, P Ͻ 0.001). The decline in the ␤TSH expression in LP-R animals measured at ZT3 closely paralleled the decline in ␣GSU, but this was not analyzed through 24-h due to lack of tissue.
Autoradiographic images of PT sections from both SP and LP-R animals showed the maintained presence of isolated hot spots of intense ␣GSU expression in animals that were developing a SP-like endocrine physiology. These spots correspond to the minor population of intensely labeling cells described above and probably represent invasive gonadotropes seen at the interface with the pars distalis (38) . VEGF and VGF mRNA was also measured in the PT, but the level of expression was independent of time or treatment (data not shown).
Overall, the ␣GSU and ␤TSH data demonstrate that the endocrine cells of the PT had changed toward a SP-like phenotype in LP-R animals.
Circadian rhythmicity in the photorefractory state
Circadian locomotor activity. The daily locomotor activity patterns of the animals were recorded continuously ( Fig. 2A) . Activity was diurnal and crepuscular with a peak after lights-on associated with feeding time and a minor peak anticipating lights-off. The period of activity was more restricted in the LP group during exposure to short days, and there was a period of readjustment lasting about a week after the abrupt light changes. This was seen as a phase advance in the onset of activity after the switch between long and short days ( Fig. 2A, wk 12) . At the end of the study, locomotor activity patterns were similar in the LP and LP-R groups, despite the differences in seasonal physiology.
Melatonin secretion. The corresponding 24-h melatonin profiles were determined in the week before the end of the study (Fig. 2B) . Plasma melatonin concentrations were consistently increased during the 8-h dark phase in all animals with no differences in any of the melatonin parameters between the LP and LP-R groups. The duration of increased melatonin concentrations was 8.33 Ϯ 0.13 and 8.50 Ϯ 0.14 h (mean Ϯ sem), and the mean nocturnal melatonin concentration was 123.7 Ϯ 16.5 and 137.5 Ϯ 17.6 pg/ml plasma for the LP and LP-R groups, respectively (NS, Student's t test).
Clock gene expression in the SCN.
The status of the core circadian pacemaker in the SCN was assayed by analysis of circadian clock gene expression (Fig 3, A and B) . All five genes assayed (Rev-erb␣, Per1, Per2, Bmal, and Cry1) were rhythmically expressed and showed peak mRNA values at times of day consistent with our previous work (29) . For four of the five genes, there was no significant effect of treatment on the temporal pattern of expression. For the remaining gene, Bmal1, the profile appeared to be slightly flattened in LP-R animals (P Ͻ 0.05 for treatment ϫ time interaction), although cycle mean levels of expression were not significantly different. Hence, the transition to the LP-R state had negligible impact on the core circadian clockwork (Fig. 3) or the light/SCN control of melatonin secretion (Fig. 2) .
Clock gene expression in the PT. All the clock genes measured in the SCN were also rhythmically expressed in the PT but with a different, tissue-specific 24-h pattern (Fig. 4, A and B) . Peak mRNA values for Rev-erb␣ and Per1 occurred in the early light phase at ZT 3; and Per2 expression peaked slightly later (ZT7). Bmal1 expression was highest late in the day (peak ZT 11-15), and maximum Cry1 expression occurred as expected in the early dark phase (ZT 19). The mRNA profiles for all genes were strikingly similar in the two treatment groups (P Ͼ 0.05 for treatment and treatment ϫ time interaction in all cases) and indistinguishable from those we have previously described in LP-acclimated animals (25, 29) .
Discussion
These results provide strong evidence to refute the hypothesis that a change in clock gene expression in the PT regulates photorefractoriness. Prolactin secretion declined in the sheep exposed to prolonged LP as seen previously (11, 16, 35) , demonstrating the development of a photorefractory state. There was also a clear decline in ␣GSU mRNA levels in the PT associated with the spontaneous decrease in prolactin secretion, which is consistent with a functional role of the PT in regulating prolactin release (17, 20, 21) . The 24-h clock gene rhythms, however, faithfully tracked the melatonin signal encoding the photoperiod and not the changing physiological state that occurred over the period of 30 wk under constant photoperiod.
Whereas both SP and LP photorefractoriness are well characterized at the whole-organism level, studies of the underlying control mechanisms have been limited to SP-R in hamsters (17, 24, 43) . In sheep, the prolactin and gonadotropin axes undergo both SP-R and LP-R responses indicating that the mechanisms may be different in long-lived species. The LP-R response in prolactin secretion is very clearly expressed in hypothalamo-pituitary disconnected sheep, supporting the view that refractoriness develops within the pituitary gland, probably within the PT in which MT 1 melatonin receptors are expressed at notably high levels (16, 20) . We therefore mapped the development of LP-R in the Soay sheep model in intact animals and collected brain and pituitary tissues at the transition time when both mean prolactin levels and the trajectory of change in prolactin secretion diverged dramatically from that seen in LP control animals. We examined the RNA expression of four gene-coding hormones or growth factors expressed in the PT (␣GSU, ␤TSH, VEGF, and VGF); of these, ␣GSU, was expressed throughout the PT and declined toward a SP-like state in the photorefractory animals. Due to tissue limitations, we did not quantify ␤TSH expression, but our DIG-based in situ results suggest that the decline in ␣GSU expression occurs in ␤TSH-expressing cells and that this gene also undergoes an SP-like decline in expression in LP-R animals. We found no change in VEGF or VGF expression, suggesting that these genes are not photo- periodically modulated in the ovine PT. Previous studies in hamsters demonstrate that PT ␣GSU mRNA values increase in SP-R hamsters as prolactin secretion rises, and this precedes changes in the expression of gonadotropin subunits in the pars distalis (24) . Moreover, PT explants from hamsters show increased production of prolactin releasing activity with the development of SP refractoriness (17) . Collectively these results support the concept that refractoriness occurs somewhere between the melatonin target cell and the PT paracrine output.
In mammals, photoperiod time measurement is circadian based due to regulation of the melatonin signal by the SCN (1, 44) . We measured the expression of five clock genes in the sheep SCN but found no significant effect of the LP-R state on the expression of four of them. For a fifth, Bmal1, there was a slight amplitude reduction in the 24-h rhythm but no change in mean levels. Given that nuclear BMAL1 protein, unlike PER1 (45), is not believed to undergo significant circadian variation in the SCN (46), we consider this observation in sheep to be of minor importance. Furthermore, the fact that both the 24-h patterns of melatonin secretion and the locomotor actogram profiles were similar in LP and LP-R animals confirms the stability of the circadian system under prolonged LP. Hence, it is most likely that the cellular events leading to the LP-R state in sheep occur downstream of melatonin signal production and independent of core circadian timing within the SCN.
Within the PT, melatonin acts through compound effects on adenylate cyclase, involving both acute suppression and time-dependent sensitization (22) , which is believed to account for the morning peak in Per1 expression (28) . In the recent study of the SP-R state in hamsters, photorefractoriness was not associated with a change in the expression of Per1 or of another cAMP-regulated gene, inducible cAMP early repressor (17) . This result agrees with the earlier demonstration that adenylate cyclase activity in the PT remains melatonin sensitive in PT explants from SP-R hamsters (23) . In the current study, entry into the LP-R state also failed to influence patterns of Per1 expression in the PT, consistent with the view that alterations in melatonin-dependent reg- ulation of cAMP response element-containing genes does not induce the development of the LP-R state.
Whereas Per1 is one core member of the complex of clock genes that control circadian physiology, other members of this complex are controlled through different combinations of transcriptional elements, including E-boxes, and retinoidrelated orphan receptor response elements (ROREs) (31) . Recent data suggest that Cry1 is directly regulated by melatonin (25, 26) , but it is probable that other clock genes are not directly controlled by melatonin in the PT. We therefore examined the expression patterns of a range of clock genes (Rev-erb␣, Per2, Cry1, and Bmal1) in the sheep PT. The results demonstrate a remarkably tight maintenance of circadian rhythmicity from the photostimulated to the photorefractory condition. Thus, neither the melatonin signal induction of Cry1 at the onset of darkness nor the relative phasing of clock gene rhythms across the 24 h change in the PT during longterm transitions in seasonal physiology.
The term photorefractoriness implies loss of responsiveness to photoperiod, but it is clear this is not the result of insensitivity of the target tissues to melatonin. PT tissue still expresses melatonin-binding sites, binds iodomelatonin, and shows cAMP-mediated responses (23) , and photorefractory animals rapidly respond to a change in the duration of the melatonin signal with altered prolactin secretion (16) . The data presented here demonstrate that PT cells continue to monitor the duration of the melatonin signal, and hence prevailing photoperiod, at the level of clock gene transcription. This observation indicates that the role of melatonin effects on clock gene rhythms in seasonal timing is limited to the photoperiodic input pathway: other, as-yet-unidentified processes, must be responsible for long-term changes in physiology leading to the expression of photorefractoriness.
Hence, our data are consistent with published models for circannual rhythmicity that invoke dual timing processes (3, 12) : a circadian based photoperiod timer and a circannual timer. We speculate for prolactin secretion that both these processes operate within the pituitary gland. The former process is proposed to depend on a clock gene-based readout of the melatonin signal within the MT 1 -expressing cells of the PT, whereas the latter is clock gene independent.
The noncircadian basis to the circannual timer is supported by studies demonstrating that the circannual transitions between summer and winter physiology persist after optic nerve section (ferret) (10), SCN lesion (ground squirrel) (48, 49) (sheep) (50; and Scott, C. J., personal communication), pinealectomy, or superior cervical ganglionectomy (ferret) (10) (sheep) (11, 51) , surgical procedures that block the pho- toperiodic response. Furthermore, entrainment of SCN-intact animals to non-24-h light-dark cycles that change the circadian period has no effect on the timing of such transitions and the circannual cycle (ground squirrel) (52) , as also observed in birds (53) . Finally, the two-timer concept fits nicely with data from the tau-mutant hamster, in which the circadian clock runs with a short period of about 20 h; this mutation perturbs the initial photoperiodic response (circadian based) but not the rate at which photorefractoriness subsequently develops (54) (noncircadian based).
In conclusion, the present study demonstrates that photorefractoriness in the prolactin axis is not associated with changes in the circadian expression of clock genes in the PT, as based on results for five core clock genes. Output-associated gene expression (␣GSU and ␤TSH) is dissociated from clock gene expression in this melatonin-responsive tissue in photorefractory animals. We suggest that the photorefractory state for the prolactin axis is unrelated to changes in the photoperiod/melatonin/clock gene transduction pathway but depends on a distinct molecular timing mechanism regulated within the pituitary gland.
